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A comprehensive review of spin-polarized Auger-electron spectroscopy on 2d transition-metal fer- 
romagnets is presented. The kind of information obtained from the Auger-electron spin polarization 
depends on the particular transition involved. Decays with emission of a valence electron probe the 
local magnetization at the site where the transition occurs. Particularly, the super-Coster- Kronig 
M»M A <\f„ transitions are well suited for monitoring magnetic behavior with elemental resolution 
Details of the spectra are sensitive to screening and electron correlation effects as illustrated by a 
comparison between Fe and NL Furthermore, core-holc-only decays-as exemplified by the 
L,M l ,M u process— yield exchange-interaction strengths between partly filled shells on a single 
atom. 



I. INTRODUCTION 

Spin-polarized electrons are today widely used to probe 
two different aspects of solid-state physics: They reveal 
the symmetry properties of electronic wave functions in 
i he case of nonmagnetic systems' and they reflect ex- 
change interactions in magnetically ordered solids. 2 * 3 
Auger emission as a manifestation of a many-electron 
£^ct__contams— in addition to its surface analytical 
power— invaluable information on correlation and screen- 
In - e * The^ comb ination of both- spin polarization and 
Aucer-electr on spectroscopy i s the natural extension of 
this standard technique. Essentially two distinct ap- 
aches are possible: The initial spin asymmetry in the 

process is ^irh^r inf rrkHn<~*»^ k», o 11.. • . 



rrocess is either introduced by a magnetically ordered 
^mple. or K alternatively, the incident electrons which 
create the core-hole excitation are spin polarized. So far, 
onl >' lhe first approach has been realized, 4 - 3 despite its 
limitation to magnetic systems, because of its evident sim- 
plicity. 

In this paper, we present a comprehensive review of 
spin-polarized Auger-electron spectroscopy (SPAES) on 
*d transition-metal ferromagnets. The aim is to show 
ihat SPAES is a technique for gaining element specific, as 
*ell as magnetic, information at one stroke. We point out 
*hat has been learned up to now from spin-polarization 
analysis in addition to the. usual intensity measurements, 
and indicate what can be learned in principle if more 
brined theories are made available. 

The paper is organized as follows: A short section is 
<^oud to (he description of the experimental setup, 
'hen the essential concepts of SPAES are illustrated by 
^ans of the LMM Auger decays. Special interest is 
given to the core-hole-only L 3 A/ 23 /V/ 23 transition where 
couphng between unfilled shells plays the key role. The 
L >M HM Ai line, on the other hand, involves two valence 
electrons and hence the problem of correlation is ad- 
dressed. Later on, the MMM decays will serve to confirm 
results found in the LMM transitions. We will show 
jw we are able to distinguish two different excitation 
onanisms for the creation of the initial hole in the 



Auger process. Furthermore, many-electron effects above 
threshold have been identified thanks to their strong spin 
polarization. The paper finally concludes by comparing 
the two elements investigated, Fe and Ni, in particular, 
with respect to screening mechanisms of the initial core 
hole of the Auger process. 

II. EXPERIMENTAL PROCEDURE 

The experimental setup used in this work has been de- 
scribed previously in detail. 6 To review, we present a 
schematic drawing in Fig. 1 and briefly mention a few 
essential points. 

Unpolarized electrons of kinetic energy E p between 80 
and 2500 eV irradiate the sample, which is magnetized 
"Parallel to the surface. The angle of incidence 9 is 70' off 
surface normal. The secondary electrons collected at nor- 
mal emission (angular acceptance of ±2.5°) are energy an- 
alyzed by means of a cylindrical-mirror analyzer with a 
resolution of A£ /£=!.]%. Subsequently, from the exit 
aperture of the analyzer the electrons are fed into a Mott 
detector for spin analysis. 



sample 



horseshoe magnet 




Moll detector 



FIG. I. Schematic experimental setup for measuring the spin 
polarization of Auger and secondary electrons. 
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Each polarization value is an average of two consecu- 
tive measurements with opposite sample magnetization to 
eliminate asymmetries due to the apparatus as well as to 
the spin-orbit coupling in the electron scattering process. 
Thus only the magnetic contribution to the polarization is 
retained. 

Special attention has to be drawn to the magnetization 
ot the sample. To guarantee constant magnetization over 
the large spot size of -1 mm, the sample has to be in a 
single-domain state. Its magnetic fringe fields, prohibitive 
in SPAES, are shortcut by a ho rseshoe -shaped magnet 
made from Armco iron. Good contact between the sam- 
ple and the magnet is crucial. In the case of Fe the con- 
tact faces had to be mechanically polished to achieve a 
single-domain state of the crystal. The sample-magnet as- 
sembly is magnetized by applying a short current pulse 
through a coil wrapped around the magnet, and all mea- 
surements are taken in the remanent state. 

The preparation of the single crystalline Fe and Ni sur- 
faces followed standard procedures. The Fe crystal was 
annealed at ^ 1 100 K in I bar H 2 prior to insertion into 
the ultrahigh vacuum system (base pressure 4xl0~ 10 
Torr). Numerous cycles of Ne + sputtering at grazing in- 
cidence and subsequent annealing at ^800 K established 
a sharp low-energy electron-diffraction pattern. AH con- 
taminants were below the detection limit of our Auger 
system. The measurements were performed slightly above 
room temperature (T-320 K). 

The Auger decays produce only small structures super- 
imposed on the secondary electron cascade, both in the 
intensity and in the spin-polarization spectra. To obtain 
the net spin polarization of the Auger electrons from the 
measured data, we eliminate the secondary electrons 
created by cascade processes and the inelastically 
rediffused primary electrons by subtracting backgrounds 
both in the intensity / and the polarization P t using a 
power-law fit I o = a E 0 + y for the intensity 7 and an as- 
sumed linear background for the spin polarization. The 
effective Auger spin polarization then is obtained as 
P ctr = P 0 +(P-P 0 )I/(I -I 0 ), where P 0 and / 0 are the 
respective backgrounds. This background subtraction in- 
troduces a relatively large uncertainty in our estimates of 
the net Auger polarizations, of the order of 20% of the es- 
timated values. This of course is especially true for the 
low-energy MMM lines, because in their energy range 
both the intensity and polarization spectra vary strongly 
and therefore make a proper background subtraction 
difficult. The more qualitative conclusions we draw from 
these lines, however, do not depend on the subtleties of 
background subtraction. 

III. LMM AUGER DECAYS IN 3d TRANSITION 
METALS 

In the Id transition metals the various decay channels 
of a 2p core hole give rise to intensity spectra which are of 
striking similarity for all elements. Two examples arc de- 
picted in Figs. 2 and 3, for single crystalline Fe and Ni 
respectively. The only difference in the intensity spectra 
are the .sharpening of the Auger structures involving 
valence electrons L } M 2} M 4) and L } \f„M„ t in going 
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FIG. 2. Spin polarization P and intensity / vs kinetic energy 
of secondary electrons from Nit 100). excited with electrons of 
£,=2100 eV. 



from Fe to Ni. This perfectly agrees with the general 
trend in the LMM spectra of 3d metals, which change 
from bandlike to more and more atomiclike if we proceed 
from Sc to Ge. 8 

The strong resemblance between Fe and Ni is apparent- 
ly reflected in the polarization spectrum line shape as 
well. There is, however, a major difference between the 
two elements: The Ni spin polarization is much smaller 
than the one of Fe. the largest clearly resolved structures 
being of the order of less than 1 %. 

The effective polarizations of the LMM Auger transi- 
tions in Fe and Ni are calculated by the standard pro- 
cedure of background subtraction (see Sec. II); they are 
summarized in Table I. The reliability is within 20% of 
the estimated values, and therefore the experimental un- 
certainty does not affect the semiquantitative discussion 
we will present below. 

At first glance, we expect the effective spin polarization 
of the Auger lines to reflect the Id band polarization, 
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FIG. 3. Spin polarization P and intensity / vs kinetic energy 
of secondary electrons from Fe(100), excited with electrons of J? 
£^~2500eV. ■- 
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TABLE I. Effective Auger-spin polarizations (in %) of all 
prominent lines in Ni and Fe calculated as described in Sec. II. 
The errors are < 20% of the given values. Experimental band 
polarizations are taken from the spin polarization of secondary 
electrons at 30 eV, excited with primary energy of 2500 eV, the 
calculated values are derived from magnetic moments at T=0 
K. For comparison, the values for FejjBu from Refs. 6 and 22 
.ire also shown. 
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Mnce in any case the ferromagnetism in the 3d band in- 
duces the spin-polarization effects of the transition-metal 
Aucer spectra. Obviously, there is a discrepancy between 
Ni and Fe. The LMM Auger lines in Ni are substantially 
less polarized than in Fe, even if we take the difference in 
Kind polarizations into account. We attribute this 
diifercnt behavior of Ni and Fe to a distinct mechanism 
which leads to the polarization of the Auger lines. We 
will see below that in Ni the polarization is determined by 
"resonant" 2p—+3d excitation and subsequent Auger de- 
cay of the strongly polarized 2p hole, whereas in Fe the 
"normal" Auger process with an unpolarized 2p hole is 
polarized, too. For didactic purposes, we will first now 
discuss the somewhat special case of Ni, and then com- 
pare to the more typical (and unluckily more complicated) 
case of Fe. 

A, Ni LMM transitions 

Ni is a simple case because its ground state is (in the 
solid) a mixture of 3d 9 and 3d 10 configuration, 9 with the 
3d shell almost filled. The 3d 10 configuration can be 
neglected in all the following arguments: An Auger pro- 
cess initiating at a closed shell (and hence nonmagnetic) 
atomic site is unpolarized. Our discussion thus concen- 
trates on the 3d 9 configuration. The creation of the initial 
hole in the Auger process starting from 3d 9 , 

leads to screening of the 2p hole. The weak polarization 
of the LMM lines suggests that this screening reduces the 
local band polarization considerably, i.e., screening is pro- 
duced mainly by 3d electrons. We may assume 



(2p*3d') $c = 2p i 3d 



10 



i.e., complete screening of the 2p hole by a local 3d 10 
configuration. This assumption Is in accordance with the 
general opinion that screening within the 3d band is con- 
siderably more efficient than screening using a higher - 
band. For perfect screening the normal LMM Auger pro- 
cess is unpolarized, because the full 3d shell has no net 



spin moment. 

This is essentially fulfilled for the Ni LMM Auger lines 
with their almost vanishing polarizations, see Fig. 2 and 
Table I. The small residual polarization is contributed by 
resonant Auger processes, which differ from the normal 
Auger process in the initial step: 

2p 6 3d 9 -*<2p 5 3d 9 )«. + £/ (normal) , 

2p 6 3d 9 — 2p'3d 10 (resonant). 

In the resonant Auger process, the resonant excitation 
2p—*3d leads to a self-screened state with no additional 
screening charge necessary. The essential point is, that in 
Ni, in contrast to the normal excitation, the resonant 
2p — 3d excitation produces fully spin-down 2p holes 
since the available empty 3d states are of minority spin 
down only, and exchange processes with the primary elec- 
tron are unimportant at the high-primary energy used in 
this study. 10 

For the fully polarized 2p holes in Ni, we can easily 
calculate the spin-polarization spectrum for the resonant 
Auger processes and compare it to the measured spectral 
behavior. Since the Auger decay starts from a 2p 5 3d xo . 
configuration, the transition probabilities to the various 
two-hole final states 11,12 may be approximated by the ones, 
of Cu. The energetic position of the final-state terms are 
modified from the Cu values by substituting the 2/?-, 3/?-, 
and 3d-binding energies of Cu by the ones of Ni, taken 
from tabulated x-ray photoelectron spectroscopy (XPS) 
data. 13 The spin polarization of all final states was calcu- 
lated by Feldkamp and Davis: 14 P— 1 for singlets, and 
/> = — i for triplets. The combined effect of lifetime 
broadening and experimental resolution is taken into ac- 
count by folding with a Lorentzian of FWHM of 7 eV. 
Without any adjustable parameter, we arrive at an overall 
spectral distribution which nicely fits the experiment; see 
Fig. 4. 
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FIG. 4. Effective spin polarization P eff and intensity /«* of 
Ni(lOO) after background subtraction in the raw data of Fig. 2. 
The solid lines through the data points represent the calculation 
for the resonant processes as described in text; the polarization 
has been scaled by a factor ^ to give reasonable agreement with 
the experimental data, and directly reveals the ratio of resonant 
to normal processes, R ip . • * - — — • 
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From the ratio between measured and calculated 
effective polarizations, we determine the ratio between res- 
onant and normal 2/?-hoIe excitation at a primary electron 
kinetic energy of 2100 eV to be quite small, R^^^. 
With the assumption of complete screening of the 2p hole 
by a 3d 10 configuration and a resulting resonant 2p~*3J 
excitation strength of £ we arrive at a satisfactory 
description of the Ni LMM Auger spin polarizations. 
They must be compared now to the Ni MMM emission 
on one hand and to the Fe LMM transitions on the other. 
We postpone the rather lengthy discussion of Ni MMM 
and first compare them to the obviously very similar Fe 
LMM polarizations. 

B. Fe LMM transitions 

In Fe, the LMM Auger spectrum is much more 
difficult to interpret than in Ni. The Fe 3d shell with its 
3d ground-state configuration is far from being filled, 
and moreover there are both empty 3d majority and 
minority spins above Fermi level. The Auger decays now 
start from an unfilled 3d shell with a nonzero spin even if 
screening effects are included. The complication then is 
that two unfilled shells must be incorporated in an atomic 
description of the Auger initial-state muJtiplets in the spir- 
it of the so-called multiplet hole theory. 15 But aside from 
these more technical difficulties we believe in a fundamen- 
tal difference between Fe and Ni as far as the origin of the 
Auger spin polarization is concerned. 

At first sight, the similarity between the Ni and Fe 
LMM spectra (see Figs. 2 and 3) seems to call for the 
same interpretation for the spin polarization in terms of 
resonant Auger processes. The marked contrast to Ni is, 
however, that the effective polarizations in Fe are large, 
see Table I. In fact, the effective polarizations in Fe are 
much too large to be explained by resonant Auger pro- 
cesses alone because of two reasons: First, the 2p—>3d 
resonant excitation shows approximately the same 
strength as in Ni (at least within a factor of 2) as is con- 
cluded from energy-loss measurements. Second, the ex- 
pected polarization for resonant excitation in Fe is smaller 
than in Ni since the empty 3d states are not exclusively 
spin down. 

The major fraction of the large Auger polarization must 
therefore arise directly from normal Auger transitions. 
We thus neglect for a qualitative discussion the resonant 
excitations for the moment. 

An explanatory description of the three prominent 
structures in the Fe LMM spectrum has already been 
given by Landoh and Mauri 4 for Fe in the amorphous 
Fe 83 B, 7 . The main difference between single-crystalline 
Fe and Fe in the metallic glass is, for the purposes of 
spin-polarized Auger spectroscopy, the strong magnetiza- 
tion reduction at the Fe 83 B l7 surface within the probing 
depth of the experiment. 6 

The comparison of the effective polarizations scaled 
with the corresponding band polarizations in Table I then 
rather reveals the experimental uncertainty in background 
subtraction than fundamental physical differences As a 
matter of fact, we do not expect a large influence of the 
missing long-range order in the metallic glass on such a 



local process as an LMM Auger transition. Small 
broadening effects for amorphous Fe as observed by De 
Crescenzi el a/. 16 in energy-loss and Auger-electron 
derivative intensity studies are ascribed to changes in the 
valence band, but are too small to be observed with our* 
experimental resolution of =5 eV at these energies. * 
Hence the interpretation of the polarization spectrum, 
can concentrate on either single-crystalline Fe or amor-* 
phous Fe S3 B l7 . A few remarks added to the earlier 
description seem to be appropriate, since new theoretical 
approaches have appeared. 

Of particular interest is the strong polarization observed 
in the L 3 M 2 }M :} transition, where two holes in the 3p 
shell are left behind and no valence electron is directly in- 
volved in the Auger process. The intensity spectrum 
shows two peaks, corresponding to the singlet and triplet 
states of the 3/>-hole pair. We observe negative effective 
polarization for the triplet and positive for the singlet 
state. Without calculating anything, we conclude from 
the nonvanishing polarization that the coupling of the in- 
volved shells to the ferromagnetic 3d band causes the po- 
larization. The additional information gained by a polar- 
ization measurement allows to directly determine the ex- 
change integrals between the partly filled shells. 

Bennemann 17 first tried to give a reasonable description 
based on a multiplicity argument. Kotani and Mizuta'* 
then presented a model calculation for Fe where the </- 
band ferromagnetism is described with a molecular field 
acting on localized spins 5 W =1, and where they intro- 
duce the exchange interactions among the two 3p holes, 
between 3d and 3p spins, and between 3d and 2p spins' 
The molecular field is deduced from T c , and the intra-3p 
exchange is obtained from the observed singlet-triplet 
splitting. The remaining two coupling constants are 
determined by a best fit to the polarization spectra In- 
terestingly it is found that the 3d-2p coupling, which 
yields slightly polarized 2 P holes, is essential to reproduce 
the data. A more refined approach by the same authors 19 
even took lifetime broadening of the initial hole into ac- 
count. The still remaining discrepancy between theory 
and experiment is the overall shift of the polarization 
spectrum compared to the intensity spectrum of ^4 eV. 

An alternative approach comes from cluster calcula- 
tions. A four atom Fe cluster is able to reproduce singlet 
and triplet polarizations reasonably. 20 The lack of calcu- 
lated transition intensities and improper counting of possi- 
ble triplet final states prevents a better agreement with the 
experiment up to now. 

Both model calculations, however, illustrate how 
SPAES reveals magnetic interaction between spins of 
partly filled shells of an atom in a ferromagnet. The ex- 
tension of these models to the other LMM lines involving 
valence electrons is not straightforward. The quasiatomic 
approach does not apply for band electrons, and the clus- 
ter calculation, although principally equipped for valence- 
band Auger transitions, too, cannot be used because it 
yields a wrong </-band density of states due to the too " 
small cluster size. 21 Therefore the spectral distribution of 
the polarization on the valence-band lines cannot be 
reproduced by Ref. 20 at present. The simple estimate 
with the self-convolution of the occupied 3d band density 
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of states 22 still seems to give best accordance with the ex- 
perimental polarization on the LyM 4b M 4 $ line. More 
about this point will be said below in the discussion of the 
MXfM transitions. 

IV. MMM AUGER DECAYS 
IN $d TRANSITION METALS 

The super-Coster-Kronig M n M 4i M A5 Auger emission 
is the strongest decay channel of an excited 3p hole. The 
final state with the two additional holes in the 3d band is 
identical to the one of the L 2i M 45 \f 4S Auger transition. 
The spectrum of the emitted Id electrons, in a naive pic- 
ture, reflects the self-convolution of the occupied part of 
the 3d bands. Thus, in a magnetic material, one expects 
to observe a spin polarization which is related to the band 
polarization at the atom where the Auger transition 
occurs. 

This crude approximation is appropriate both for the 
£23*^45^45 and the M 2 yM 45 M 4i transition. Deviations 
from this picture due to many electron effects, however, 
should be visible at first in the MMM decay. The intensi- 
ty and therefore the measured spin polarization is much 
larger on this low-energy line. The modifications to be 
expected will, if properly analyzed, contribute to the puz- 
zle of screening and correlation. 

Two points will have to be considered: First, the pres- 
ence of the 3p hole leads to a rearrangement of the Id and 
4s,p orbitals at the site of the "impurity" in order to 
screen the positive charge. If screening is carried out by a 
4r,p conduction electron, the modification of the Id states 
is only minor and the magnetic moment remains un- 
changed. Screening by an extra 3d electron, however, will 
reduce the local magnetic moment. Second, the correla- 
tion among the two additional d holes left behind after an 
M 2 yM 4i M 4i transition can be strong, and the two-hole 
excitation spectrum dominates over the one of the band- 
like extended hole states. 8, M ' 2J The correlation shifts the 
Auger lines towards lower kinetic energies. We will dis- 
cuss the differences between Fe and Ni mainly with re- 
gard to these points. 

A. Fe MMM transitions 

Figure 5 exhibits spin polarization and intensity spectra 
of the M 2i M 45 M 4 } region in Fe(lOO). We attribute the 
wealth of features between 35 and 95 eV to Auger decays. 
The upper panel represents raw data, from which the 
effective Auger polarizations and intensities on the lower 
panel have been generated by background subtraction as 
described in Sec. II. 

The main line in the intensity at 43 eV is the normal 
Auger process, 

ip*3d m —(3p'3d m )* + €l 

-<3p*3<r- J > K + e/ + Wr . 

The corresponding P efT spectrum shows a minimum near 
the high-energy end of the line. It is satisfactorily repro- 
duced by a self-convolution of spin-split bands 22,2 * 
confirming that the valence-band Auger lines of Fe can be 
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FIG. 5. Spin polarization P and intensify / vs kinetic energy 
of secondary electrons from FeUOO), excited with primary elec- 
trons of 2500 cV. Upper panel: raw data; lower panel: effective 
Auger electron signals after background subtraction. 

described with a small effective correlation energy. 11 The 
effective spin polarization of this very intense MMM main 
line is large enough, ^319c t to be used as a monitor for 
sign and magnitude of the element specific magnetization 
in composite magnetic systems, see Refs. 5 and 25. 

Clearly above the 3p threhsold, which is at 48 eV, 13 a 
first gain satellite occurs at 51 eV. This satellite was ob- 
served in intensity spectra before and is interpreted as au- 
toionization emission of a resonant 3p—+3d excitation, 26 

3p 6 3d"-+ 3p 5 3d"+ } ^3p 6 3d«- l + e ra . 

This interpretation is mainly based on three observations. 
First, in x-ray excited Auger spectra with photon energies 
far above the 3p — 3d excitation energy, this satellite has 
not been identified. Second, the energetic position of this 
feature is clearly above the 3p threshold derived from 
XPS measurements. Moreover, the energy difference be- 
tween the satellite and the Auger main line corresponds to 
the difference in energy-loss spectroscopy (ELS) and XPS 
energies for the whole 3d transition-metal series, reflecting 
the different final states left behind. Third, the intensity 
should be roughly proportional to the number of empty 
states available at Fermi level for the initial excitation 
3p — 3d. In fact, we see a strong increase of the gain sa- 
tellite intensity on oxidizing the Fe sample. This is ex- 
pected because a partial charge transfer from Fe to O 
empties the 3d band. In contrast, however, if CO is ad- 
sorbed molecularly, no increase of the satellite is ob- 
served, again in line with the simple picture of band 
filling. 
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All these experiments seem convincing enough to inter- 
pret this gam satellite as autoionization or resonant Auger 
emission The new information we contribute with Fig 8 5 

ari~rf P reS ^ m I" 8 " emiSSi0n in Fe is wrongly g po- 
ianzed. P t ^4i%. A s.milar observation, less quantnt 

stronTer^ WaS Fe " B »* This Polarization 

is stronger than on the main line and indicates that the 
weak-correlanon description is not appropriate for the res! 
onant excitation process in Fe. If correlation was weak 
we should be able to explain the polarization on the res£ 
nan, h„ e equally well by a self-convolution of tie 3d7 e t 
s.ty of states, modified compared with the main ifne by 
£k,ng the partial polarization of the 3p hole into account 
However, tins correction does not change the calculated 
pofcnzanon appreciably." even with Realistic en gy 

tion < f ^ e , SU88eSt ,herefore that delusion of corre.a 
tion .s of v,tal importance to reproduce the data. A first 

mXYe" ™%J* T" f° miC deSCripti °" in «™ "of 
mult.plets^ This will neglect bandlike features but in- 

1^,^ '° qUa,iU,ivel y «P ,ai " 'he strong po- 

emT^on fl K UCnCe ° f ° 1 xida,ion on autoionization and Auger 

Ru sel"» ?n r em,y beCn investi S ated ^ R amS ey and 
JT. , de ™ 've mtens.ty spectra. They see a shift 
of the Auger main line mtensity to lower energy (-4 e V 
and no energy change but a strong intensity increase for 
the resonant channel. We see these alterations in the non- 

l/ri, T™*' ,0 °' In addition ,he overall spin po- 
lanzat.on decreases on oxidation" because of reduced 
magnetic moments. Furthermore, we find that the 
effective polarizations on the' M n M 45 M 4i main , ine and 

^ a V,T am fea,U L eare coua1 ' ^ ff = 6% for saturation 
Zl T.u ° XygCn - Th ' S observa 'io" of a relative reduc- 
tion of the resonant Auger polarization compared to the 
normal one ,s supporting the interpretation of Ramsey 

«atfo RU „ SS ,h P ^ tematiVe,y aSCribe the resonant «ci 
tTZVn ^ ° X,d , e t0 3 * P -** S ' P trans »ion rather than 
; e , ': t MaS : n Clean Fe - The expectation then is that 

he oSlan ^ 1* aIm ° St un P° ,ari "d and hence 

me polarization is reduced. 

The polarization maximum at 64 e V in Fig 5 with a 

iTteTn b " m P m . int f nsi ;y' is a newly discovered gain satel- 

lilZ r n a / featUfC has been observed j " Ni. Its 

a most full spin polarization is restrictive for possible ex- 

ac^omnani^T **** ° f a resonant 3/>-W excitation 
accompany by a monopole transition 2 ' of the kind 
ja — 4rf. This shake-up excitation is needed to suonlv the 

IZ^LtZ!' C r ParCd t0 "* "- a « ^nam 
process. Furthermore the decay must end up in a sinolo, 
state to emit fully spin-up polarized electrons * 
i,J!iL* H ? TnaUv * explanation for the observed spin polar- 
izat.on above the 3p threshold is proposed by Nesber 10 

ltr~;£Z C,CC,r ° nS ° f ,hC back ^""o undergo in- 
elast.c scattering, m particular 3p-~3d losses. These were 

fna n to ° be -. S,r ° ngly Spin depende "« near threshold" ,eaT 
>ng to positiv spin polarization because of strong ex 
change scattering. Nesbet suggests that tht . 

rerjt 0 ^ nhanCCmen !, ab - « 5 V th^nold" n Fe P 'i' 
well as in Ni ,s accounted for by 3p-+3d energy losses of. 
•he background secondary elec.rons. The intensity how- 
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ever of these losses right at threhsold is far too weak and 
therefore is not likely to be sufficient to cause the strong 
polarization enhancement. »"ong 
The broad peak a, the high-energy end of Fig. 5 is the 
•V* ,.W 4} .\( 4i Auger line of Fe centered around 82 eV Tne 
observed polarization reasonably well corresponds to the 
oneof the .V/ :j .V/ 4 ,U 45 main line which has the same final 

B. Ni MMM transitions 

In Ni the situation is considerably different. There the 
resonantly and nonresonantly excited 3p hole states are 
degenerate: In resonant photoemission one finds that the 
In??/ I 5 " em,SS '° n and ,hc rf band ^tellite occur at 

to the?* w' C CnCr ^ if ,hC Ph 3°, ,0n ener «>' corresponds 
,L, J P exc "at«on energy. " Therefore we assume 
that the screening of a 3p hole induces a local 3d" 
confi guratlon> ap'3d*) u -3p>3d» in Ni, to obtain 
the den.ical exc.ted state as for the resonant process. 

S artmg from a 3d "> configuration, the normal Auger 
7 T? aW3y fr0m r «onance is expected to be unpolt- 
on F ,0 ' his / XpeCta " 0n ' an eflr ~'ive polSza- 

1 ? °" ' he Auger main line is f ound, see Fig 

o. The po ar.zat.on arises from the resonant process 
s tart.ng w.th a 3 P -3d excitation. The 3p holes created 
are fully Spln -down polarized, since only minority d no es 
ex _st in ferromagnetic Ni and the exchange scattering am- 
pi. ude 1S weak a, the high-primary electron energy^sTd 
in the expenment.'O The correlation among the !f holes 
now is .mportant. In contrast to Fe the effect 
Coulomb interaction £/„ in Ni is of the sAme magnhude 

fnalr,? , i e K b3n , d r d,h '" and hence "o™ reaves dom 
mate the rf-band Auger spectra as in Cu or Zn In cteL 

analogy to the LMM Aug er lines, we can readily repro? 
duce the spectral distnbution of the effective polarizanon 
up to the 3p threshold of 62 eV 13 if ,. a s„ ,,lu , 

mult.plets, and their sp.n polarization according to Ref 

resonam 5 a wT e Va ' U<i ° f ° ne ° b,ains « he «lo of 
resonant 3p-3d to nonresonant 3p-hole excitations to be 

Th.s value ,s much larger than the correspond 

•ng one found for 2p-hole excitations, R^± « t L 

same pr.mary energy. This is not astounding~at all since 

J jus reflects .he fact that the oscillator s"fen«h o. ?h! 

quantum number are '"^ 

A certain successful cross chert *u ■ 
implkiUy. fo, our model ^>f complete slr^ values (and, 
elecronl Is provided by indeDer.dl„, 8 W " h * 

r;i° 3 s d 'zt m -z r ^"°z>"&$zt& 

s^d C ° mP3rinS " » ' * «*ZZ 

spoadiog Auger decays (resonanl plus uonuJI „hSTL 
propomoual ,„ ,he a,«, under .h. Auger lincl J 
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FIG. 6. Spin polarization 7> and intensity / v S kinetic energy of secondary electrons from Ni(IOO) and Nid 10), excited with primary 
electrons of 600 eV. Upper panels: raw data; lower panels: effective Auger signals after background subtraction. 



mates the ratio of resonant to total Auger decays, which 
is approximately equal to resonant to normal decays. The 
result shows that R ip /R 2p ^4 to 5, in agreement with the 
value estimated from comparison of measured and calcu- 
lated spin-polarization spectra. 

The determination of R yp and R 2p in Ni is admittedly 
still very inaccurate in this first study. Nevertheless it 
shows that the distinction between normal and resonant 
Auger process even is accessible to the experiment if they 
are energetically degenerate, due to the power of spin 
analysis. In principle, these ratios may depend on the pri- 
mary energy E p of the electron initiating the Auger pro- 
cess. If E p approaches threshold, both processes are 
known to die out, but the ratio of resonant to normal 
Auger process may change. Therefore the effective spin 
polarization on the M 23 M 4S M 45 Auger line in Ni can vary 
with E p . We only checked that in the limited range of E p 
between 200 and 2500 eV and did not find any E p depen- 
dence. This is not a contradiction, however, because large 
effects can typically be expected only at energies in the 
near-threshold region, say E p < 100 eV. A primary ener- 
gy dependence of the Auger polarization has indeed been 
observed in Gd for the resonant iV 45i V 67 <V 67 transition. 34 

The pronounced peak in at 66 eV lies above the 3p 
threshold ener-y of 62 eV. At present this structure is 
thought to be identical to the strongly spin-polarized 
upper gain satellite in Fe, namely an M l} \f 45 N decay of a 
resonant 3p— excitation accompanied by a 3d-+4d 
shake-up process. The Auger initial state is then, as in 
Fe, a highly excited 3p hole state, whereas the final state 
is the two hole "ground" state like the one on the Auger 
main line. This highly excited 3p hole with an excess en- 
ergy of - 13 eV has been found earlier in related methods 
like ELS, 5 XPS, 36 or x-ray absorption spectroscopy 



(XAS). 37 Many interpretations have been given, but a 
consistent picture is still missing, even though new infor- 
mation has been added by SPAES. The high effective 
spin polarization leads to the conclusion that "a singlet 
final state must predominate, again in striking similarity 
toFe. 

The intensity structures at 68 eV in Ni(llO) and at 84 
eV in Ni(lOO), respectively, are not related to Auger struc- 
tures. They remain clearly visible for low-primary ener- 
gies and even are enhanced for very low E p of ^90 eV, in 
contrast to what is expected for Auger related features. 
We ascribe them to critical points in the unoccupied band 
structure of Ni, which immediately explains the face 
dependence of the spectrum. Unfortunately, all calculat- 
ed band structures end well below these energies. Other 
face-dependent features, like the highly polarized peak at 
- 16 eV in the Nid 10) spectrum of Fig. 6, have been dis- 
cussed in Ref. 38. 

V. SCREENING OF THE INITIAL HOLE: 
CONCLUSIONS 

In conclusion we state that the spin polarization of the 
MMM main lines in both cases, Fe and Ni, reflect the lo- 
cal band polarization, in completely different ways, how- 
ever. The differences stem, at last, from a difference in 
the screening mechanism of the initial hole. In Ni, we 
have shown that all SPAES— as well as ELS measure- 
ments can be consistently explained by assuming total 
screening of the initial 3p (or 2p) hole by an extra 3d elec- 
tron. In all other 3d transition metals, on the other hand, 
the difference between XPS and ELS energies show that 
screening leads to a state quite distinct from resonant 3p 
(or 2p)-+id excitation. We assume therefore that this 
screening charge is supplied rather by 4j,p-band electrons 
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in Fe. A certain support for this idea comes from calcula- 
tions of partial density of states. Kanamori 39 noted that 
in Ni in contrast to the other 3d transition metals the 4s,p 
density of states has a dip near Fermi energy. This makes 
screening by a 4s,p electron in Ni highly unlikely. 

A serious test of our model, that screening in Ni leads 
to a local 3d configuration, would be an x-ray-excited 
spm-polarized Auger study. Tuning the photon energy 
through the 3p~^3d resonance should drastically change 
the polarization at the Auger-electron kinetic energy: The 
large polarization at resonance, where polarized holes are 
created, is expected to vanish for photon energies above 
resonance, and hence only largely unpolarized normal 
Auger processes are possible. This is a complementary 
experiment to the one performed by the Julich group: 40 
Whereas they were interested in the photon energy depen- 
dence of the resonant process and therefore investigated 
the constant initial state spectrum, we are concerned in 
the normal Auger process and hence in the constant final 
state. 

In this paper, we discussed the more fundamental as- 
pects of spin polarization for Auger-electron spectroscopy. 
Different single-crystalline faces of Fe and Ni have been 
investigated as model systems to understand the physics 
behind the measured spin polarization. We have seen that 



quite distinct mechanisms lead to the highly-structured 
spin-polarization spectra. Core-hole-only transitions 
reflect exchange couplings between partly filled shells; 
normal and resonant Auger processes reveal different ex- 
citations, correlation, and screening, and transitions in- 
volving valence electrons directly monitor the local mag- 
netization through the band polarization. 

From the point of view of application, the availability of 
local magnetization is the greatest promise. The real 
power of SPAES is revealed in composite systems, where 
element specific sublattice magnetizations can be recorded. 
This topic has not been covered here. First studies in this 
direction have been performed recently. 5 ' 25 For a quanti- 
tative understanding of these fascinating applications, a 
thorough discussion of the mechanisms of SPAES is 
essential, and this is for what this paper is intended. 
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